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Nanoparticle-mediated drug delivery for
treating melanoma

Melanoma originated from melanocytes is the most aggressive type of skin cancer
with limited treatment options. New targeted therapeutic options with the discovery
of BRAF and MEK inhibitors have shown significant survival benefits. Despite the
recent progress, development of chemoresistance and systemic toxicity remains a
challenge for treating metastatic melanoma. While the response from the first line of
treatment against melanoma using dacarbazine remains only 5-10%, the prolonged
use of targeted therapy against mutated oncogene BRAF develops chemoresistance.
In this review, we will discuss the nanoparticle-based strategies for encapsulation and
conjugation of drugs to the polymer for maximizing their tumor distribution through
enhanced permeability and retention effect. We will also highlight photodynamic

therapy and design of melanoma-targeted nanoparticles.
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Melanoma is the cancer of melanocytes
which are present as single cells within the
basal layer of epidermis. Melanoma is a
highly aggressive skin cancer with a potential
of metastasis and responsible for the major-
ity of skin-related deaths. The 5-year survival
of metastasized melanoma is around 10% [1].
Systemic chemotherapy is the mainstay for
the treatment of melanoma and dacarba-
zine (DTIC) was standard of care for mela-
noma till the approval of new targeted kinase
inhibitors. DTIC monotherapy is associated
with a poor response rate of around 7.2-7.5%
and does not extend survival benefits [2].
About 60% of melanoma patients carry
activating mutations in the gene encoding
the serine—threonine protein kinase B-RAF
(BRAF). Discovery of these activating muta-
tions paved the way for developing small
molecule inhibitors targeting mitogen-acti-
vated protein (MAP) kinase pathway. BRAF
inhibitors (vemurafenib, dabrafenib), MEK
inhibitor (trametinib) and the combination
of dabrafenib with trametinib are the new-
est small molecules approved by the US FDA

approved for treating BRAF-mutated mela-
noma. However, response to potent BRAF
inhibitors is short lived and disease progres-
sion is seen at a median of 5—7 months [3,4].
Hence, there is a need for improved treat-
ment options for effective treatment of
melanoma. Tubulin-binding agents (TBA),
platinum analogs, anthracyclines and nitro-
soureas have been clinically prescribed in
melanoma as combination therapy (5] and
exhibit comparable response rate to DTIC.
However, multiple drug resistance (MDR)
mechanisms, poor delivery and dose-limit-
ing systemic toxicity restrict the therapeutic
application of these chemotherapeutic drugs.
Thus, there is a need to improve the biodistri-
bution of chemotherapeutics to tumor with
minimum peripheral exposure and thereby
minimize the systemic toxicity. Advent of
nanoparticle-based drug delivery resulted in
tumor selective delivery of drugs by enhanced
permeability and retention (EPR) effect with
reduced peripheral exposure. Furthermore,
interaction between receptors overexpressed
by tumor and their ligands has been exploited
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to enhance the cellular uptake of nanoparticles. How-
ever, formulation of nanoparticles with enhanced sta-
bility in plasma and limited premature drug release are
potential pitfalls in harnessing the improved biodistri-
bution by EPR effect. Hence, we have reviewed the dif-
ferent polymer modifications to enhance the noncova-
lent interaction between polymer backbone and drug
as well as polymer conjugation to design kinetically
stable nanoparticles with enhanced drug loadings. In
addition, nanoparticle-based photodynamic therapy
(PDT) presents exciting avenues for detection, treat-
ment and evasion from possible mechanism of resis-
tance from melanoma. In this review, we summarize
the different mechanisms of resistance, polymer modi-
fication for preparation of nanoparticles, nanoparticles
for PDT, targeted nanocarriers and future outlook of
nanoparticle-based therapy for melanoma.

Factors influencing melanoma therapy
Melanocytes respond to hormones and environmental
factors to produce colored pigments. Physiologically,
ionizing ultraviolet radiation stalls the cell cycle division
or kills most of the primary cells; however melanocytes
proliferate and secrete melanin. Melanin serves as a pho-
toreceptor for the skin and protects keratinocytes and
other epidermal cells from damage [6.7]. This tendency
of melanocytes to survive and proliferate under stress
programs them to survive. Besides these features, cells
in the neighborhood also stimulate their proliferation by
paracrine mechanism. Fibroblast stimulates the growth
of melanocytes by secreting FGF [89]. Keratinocytes
maintain the homeostasis of melanocytes by affecting
Bcl-2 expression by melanocytes. Secretion of NGF and
SCF by keratinocytes promotes Bcl-2 expression and
unchecked proliferation of melanocytes [10].
Melanocytes escape the homeostatic regulation of
keratinocytes by differential expression of cadherins
and altered paracrine signaling. Downregulation of
receptors for cross-talk with keratinocytes and upregu-
lation of receptors for paracrine signaling with fibro-
blast lead to proliferation of melanocytes [11]. Melano-
cytes migrate through the basement membrane into
the dermis through altered extracellular matrix (ECM)
expression [12]. Asymptomatic metastasis to multiple
organs is the primary reason for the poor prognosis of
melanoma. Early detection of melanoma and surgical
excision of the primary tumor have significant success
rate in melanoma; however detection of malignant
lesions and circulating tumor cells (CTCs) remains
investigational. mRNA, protein and size-based tech-
niques have been utilized for detection of CTCs but
clinical potential of CTC detection remains unful-
filled [13]. Overexpression of melanin pigment as an
intrinsic, spectrally specific cancer marker and signal

amplifier allows the use of photoacoustic (PA) imag-
ing as highly sensitive, label-free detection of CTCs.
Advancement in the CTC detection can provide
breakthrough in early detection of CTCs and prog-
nostic tools for prediction of resistance [14.15]. In this
section, we would review the potential mechanism of
chemoresistance in melanoma.

Stromal microenvironment

Tumor formation is not only the malignant growth
of cells but also associated changes in its microen-
vironment to support malignant proliferation and
eventual metastasis. Stroma of melanoma is a com-
pilation of cells including fibroblasts/myofibroblasts,
endothelial cells, infiltrating immune cells, vascular
and smooth muscle cells, soluble growth factors and
ECM proteins. In general, quiescent fibroblasts get
activated in response to the tissue damage and secrete
growth factors to support tissue repair. Normal der-
mal fibroblasts repress the growth of early stage or
metastatically incompetent primary lesion. However,
small number of metastatically competent cells over-
come this resistance and show proliferative advantage
upon coculture with normal dermal fibroblasts. This
discriminatory effect of fibroblasts on melanoma was
mediated by paracrine signaling and release of soluble
factors [16]. Secretion of proteases by senescent fibro-
blasts has been shown as the key factor involved in the
growth and metastasis of melanoma [17]. This find-
ing has been confirmed by the genome-wide microar-
ray analysis of invasive human melanoma and benign
nevi. Expression of Cathespin B, L, matrix metallo-
proteinase 1/9, urokinase and tissue-plasminogen type
activator was unregulated and invasion of melanoma
was inhibited by cell membrane permeable Cathespin
B/L inhibitors.

Although there is no consensus on the phenotype
characteristics of melanoma resident fibroblasts, there
is a distinct difference in the phenotype of fibroblasts
from normal skin or tumor. Fibroblast derived from
the tumor is CD56 negative and expresses high level
of fibroblasts-activated protein (FAP), whereas nor-
mal fibroblasts are CD56 positive and lower levels
of FAP [18]. FAP overexpressing fibroblasts represent
activated fibroblasts that degrade ECM and promote
invasion of primary melanoma. Secretion of growth
factors upon malignant transformation of melanocytes
promoted the expression of FAP by fibroblasts and
FAP-driven migration and invasion [19]. Among vari-
ous growth factors, secretion of PDGF by melanoma
is crucial as it activates expression of IGF-1 by fibro-
blasts. Fibroblasts secreted IGF-1 is crucial for the early
progression of melanoma as it promotes survival and
growth of melanoma cells from the early stage. IGF-1
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phosphorylates Erk 1 and 2 of MAP kinase pathway
and also activates AKT pathway [20].

In addition to paracrine stromal support to meta-
static melanoma, stromal cells increase intratumoral
pressure and thereby restrict delivery of drugs to
tumor [2122]. This suboptimal delivery of drugs into
poorly perfused and fibrotic tumor contributes to the
resistance to melanoma. Clinical studies have reported
significant increase over the baseline intracumoral pres-
sure of melanoma lesions in nonresponding patients.
Intratumoral pressure increased significantly over time
for nonresponding melanoma lesions from a baseline
of 24.4-53.9 mm Hg after treatment and decreased
in melanoma lesions that responded to treatment with
the mean baseline and post-treatment intratumoral
pressures were 12.2 and 0 mm Hg, respectively [23].
Antagonist targeting stromal proliferation and intra-
tumoral pressure have been tested to improve drug
delivery [2224]. Targeted delivery of picogram levels
of TNF-a-enhanced doxorubicin (DOX) penetration
into melanoma by altering endothelial barrier function
and intratumoral pressure. This enhanced tumor per-
fusion improved therapeutic efficacy of DOX by eight
to tenfold [25]. Improvement in delivery of immuno-
therapeutic agent by targeting stroma has also been
reported [26]. Coadministration of paclitaxel (PTX)
increased the uptake of stroma targeted IL-2 in mela-
nomas by increasing tumor perfusion and permeabil-
ity. PTX also boosted the recruitment of IL-2-induced
natural killer (NK) cells to the tumor. Importantly,
this increased tumor accumulation of IL-2 reduced
both the tumor burden and the number of pulmonary
metastatic nodules. Targeting stromal paracrine signal-
ing and improving drug delivery to tumor may present
a solution to avoid tumor microenvironment-mediated
resistance and achieve durable patient responses.

Drug efflux enzymes

P-glycoprotein (Pgp) and other multidrug resistance
associated protein (MRP) effectively efflux out the
drug and thereby prevent accumulation of cytotoxic
drugs (Figure 1). To resolve this, higher doses and fre-
quency of chemotherapeutics are required to sustain
intracellular concentration of drugs which is associ-
ated with toxicity to normal tissues. Physiologically,
these MDR proteins act as an energy-dependent efflux
transporter to maintain potential across the plasma
membrane and involved in the xenobiotic of unwanted
lipophilic compounds. Level of Pgp expression is a sig-
nificant prognostic factor and has been shown to cor-
relate well with progression-free survival and relapse
in a variety of cancer [27-31]. Malignant melanoma
intrinsically expresses MRP, the level of MRP expres-

sion increases upon treatment [32]. Increased expression
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of Pgp in melanoma has been associated with highly
invasive and resistant melanoma [33]. However, anal-
ysis of more melanoma clinical samples is required
for determination of correlations between the clini-
cal outcome and expression level of MDR proteins.
Overexpression of these MDR proteins due to genetic
and epigenetic events during the oncogenesis has been
suggested for generating predominant drug-resistant
cell phenotypes [34]. Effect of chemotherapy on the
levels of Pgp is debatable and requires further clinical
evaluation [27.35-37].

Reversal of MDR efflux mechanism has been dem-
onstrated by utilizing Pgp inhibitors in 77 vitro and
preclinical models. Pgp inhibitors like verapamil and
valspodar have been coadministered with PTX and
DOX [3839]. Although the administration of these
inhibitors improved the pharmacokinetics of chemo-
drugs, there was lack of associated improvement in clin-
ical outcome. This finding can be attributed to nonspe-
cific inhibition of Pgp leading to nonselective increase
in the plasma concentration of the chemotherapeutic
drugs with little or insignificant increase in tumor accu-
mulation [40]. Besides efflux mechanism of Pgp, alterna-
tive mechanism of resistance mediated by Pgp has been
proposed to account for these findings. Development
of intrinsic resistance has also been attributed to the
expression of MDR proteins which is generally associ-
ated with the slow growing tumor initiating cells in the
tumor [41]. Upregulation of signaling pathways, changes
in cytoskeleton, reduced apoptosis and increased DNA
repair by MDR transporters has been attributed to the
development of resistance [33.4142]. Additionally, intra-
cellular location of MDR proteins isoforms has been
suggested to be involved in the intracellular sequester of
drugs in melanoma [43). Multiple mechanisms of resis-
tance by MDR proteins need to be studied in cohort
and targeting MDR represents a promising therapeutic
target to reverse chemoresistance.

Tumor initiating cells

Tumor initiating or cancer stem cells (CSCs) are the
subpopulation of cells within the tumor that have
high tumorigenicity, self-renewal potential and ability
to undergo differentiation to reestablish the cellular
composition of the parenteral tumor [44]. Expression of
CD20, CD271, CD133 and ABCBS5 has been reported
as markers of melanoma stem cells [45]. CD271" cells have
been shown to coexpress SOX-2 and form fully grown
phenotypical identical tumor upon transplantation
in immune-compromised mice. Presence of CD271*
cells is essential for immune evasion and continuous
growth of tumors. Clinically, analysis of patient tumor
samples has shown that high frequency of CD271* is
associated with higher metastatic potential and poor
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Figure 1. Potential multidrug resistance mechanisms of metastatic melanoma. Development of resistance in
metastatic melanoma can be attributed to inefficient intracellular drug accumulation, upregulation of expression
of class Il B-tubulin, intracellular sequestration and compensatory upregulation of DNA repair pathways.

prognosis (46-48]. Moreover, chemotherapy enriched the
percentage of ABCB5* cells which exhibited cross-resis-
tance to drugs for melanoma [49]. Targeted ablation of
ABCB5* cells using ABCB5 antibody-dependent cell-
mediated cytotoxicity inhibited tumor initiation and
growth in preclinical models [49]. CD20, B-cell marker
of melanoma tumor cells exhibited differentiation abil-
ity and tumor initiation potential. Treatment targeted
at CD20" cells results in long lasting eradication of
melanoma lesions, whereas targeting of bulk tumor cell
subset failed to arrest tumor progression [s0]. Clinical
application of targeting CD20-positive cells in a pilot
study confirmed the potential therapeutic value of tar-
geting CD20* cell populations in melanoma as treat-
ment with anti-CD20 antibody rituximab prevented
the relapse [s1]. All these studies indicate that elimina-
tion of melanoma stem cells is essential for preventing
the recurrence and development of resistance. Targeting
pathways and receptors overexpressed in CSCs using
small molecules and/or using RNA interference may
tackle the resistant melanoma.

Altered expression of B-tubulin
Cancer cells acquire resistance to microtubule-act-
ing drugs mainly through the mutation in o- and

B-tubulin, altered expression of P-tubulin isotypes
or microtubule regulating proteins. Mutation of
B-tubulin confers resistance either by altered binding
of drugs to B-tubulin or by altering the dynamics of
microtubule polymerization. PTX resistance in non-
small-lung cancer patients has been attributed to the
mutation in the exon 1 and exon 4 of B-tubulin [s2].
However, subsequent clinical studies have shown that
these mutations were polymorphic rather than somatic
mutations and nonspecific design of PCR primers
led to the amplification of nonfunctional B-tubulin
pseudogenes [53]. PCR analysis of clinical samples of
PTX-resistant cancer tissues have further ruled out
B-tubulin mutation as the primary mechanism of
development of resistance [54.55]. Mutations in the loop
region of helix 6 or helix 7 of B-tubulin also alter the
sensitivity to tubulin-acting drugs either by modify-
ing the drug binding or by changing the dynamics of
tubulin polymerization [s6-60]. These studies involved
in vitro site-directed mutagenesis with plasmids in can-
cer cell lines but there is a lack of clinical evidence for
this mechanism.

B-tubulin is expressed by large multigene family
with nine known isoforms which differ in their car-
boxyl terminal domain. Among these isoforms, over-
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expression of class III B-tubulin (TUBB3) is clini-
cally associated with the taxane resistance and poor
prognosis in varieties of cancer [61-64]. Modulation of
resistance to different TBA by altering the expression
level of TUBB3 using gene overexpression or silencing
approach which lends further support to this hypoth-
esis [65,66]. Overexpression of TUBB3 may develop
resistance by modifying the drug binding site, tubu-
lin dynamics or acting as cellular survival factor [67-69]
(Figure 1). Interestingly, increase in TUBB3 level also
mediated cross resistance to broad classes of nontubu-
lin acting chemotherapeutics [70]. This broad spectrum
of resistance can be attributed to the activation of pro-
survival signaling by TUBB3 and protection of cells
against apoptosis by chemotherapeutic drugs.
Melanocytes strongly express TUBB3 and its pri-
mary cultures are chemoresistant to PTX [71]. Expo-
sure of melanocytes to a-MSH and activation of stress
response kinase result in the expression of melanocortin
receptor 1-TUBB3 isoforms and role of TUBB3 has
been proposed in the transport of melanosomes [72.73].
TBA-resistant melanoma cell lines exhibit high expres-
sion of TUBB3 and downregulation of TUBB3 abro-
gates resistance to TBA [74]. However, clinical samples
of melanoma demonstrated a decrease in TUBB3
expression with increasing stage of melanoma and asso-
ciated with poor prognosis. To further unravel the resis-
tance of melanoma to TBA and development of alter-
nate therapeutic strategies, clinical studies are required
to identify the regulatory mechanism of B-tubulin iso-
type expression and mechanistic basis for development
of resistance by altered isotype expression of B-tubulin.

Intracellular sequestration of drugs
Mammalian cells are highly compartmentalized hav-
ing membrane-bound organelles with distinct intralu-
minal properties from cytosol. Compartmentalization
of drug within the cells restricts their intracellular dif-
fusion leading to their low concentration at the target
site (75-77]. Acidic pH of the endosomal organelles and
their efflux as exosomes are the primary mechanisms
responsible for intracellular entrapment and efflux of
entrapped drugs [78,79]. Basic drugs especially with pKa
near neutral pH are entrapped within the endosomal
organelles and their entrapment can be explained by
the pH partition theory. Intracellular sequester of cis-
platin, DOX and vincristine has been widely studied as
the prominent mechanism of resistance [80-82].
Resistance due to intracellular sequester of drugs
is much more prominent in melanoma owing to the
presence of intracellular structures known as mela-
nosomes (Figure 1). Melanosomes are lysosomes alike
intracellular organelles and provide an environment
for the synthesis of melanin as the byproducts of mela-
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nin synthesis are cytotoxic. Melanosomes entrap these
toxic intermediates of melanin biosynthesis to manage
endogenous melanogenesis-related cytotoxicity [s3].
Chen et al. have demonstrated that cisplatin is promi-
nently sequestered in melanosomes, which significantly
reduces its nuclear localization as compared with non-
melanoma carcinoma cells. Moreover, melanosomal
accumulation of cisplatin further promoted melano-
genesis and extracellular transport of melanosomes
containing cisplatin [84]. Intracellular sequester of cis-
platin and its subsequent efflux from cells as exosomes
was further confirmed by analysis of entrapped cisplatin
in the purified exosomes from the tumor cell culture
supernatants. Exosomes purified from supernatants of
melanoma cell cultures contained various amounts of
cisplatin which correlated to the pH conditions of the
culture medium. Pretreatment with a proton pump
inhibitor blocked the acidification of melanosomes,
and thereby intracellular sequester of cisplatin. Fur-
ther analysis showed that pretreatment with a proton
pump inhibitor induced a clear reduction in the plasma
levels of tumor-derived exosomes containing lower lev-
els of cisplatin [79). Similartly, the proton inhibitor also
improved nuclear accumulation of weakly basic DOX.
Reduction in the intracellular entrapment of the drug
increased the intratumoral concentration of free drugs
and improved their distribution from blood vessels to
the tumor [75].

Disruption of the cellular pathways involved in the
melanosomal formation and melanin biosynthesis
restored sensitivity of melanoma to the weakly basic
drugs. Absence of the melanosomal structural protein,
gpl00/Pmell7 as well as mutations of Dnbpl, Pldn,
Vps33a genes which are involved in the melanosome
biogenesis increased cisplatin sensitivity. In addi-
tion, mutation of the integral melanosomal protein
tyrosinase affected the melanosomal formation and
restored cisplatin sensitivity. Furthermore, alteration
of the melanosomal formation also sensitized cells to
vinblastine and etoposide [85]. Chen ez a/. also demon-
strated the correlation between the dynamics of mela-
nosomal formation and the sensitivity of cells. Cells
which contain predominantly stage 4 melanosomes are
sensitive to cisplatin whereas cells with melanosomes
in stage 2, 3 are highly resistant [86]. Clinical samples
of melanoma also confer this as potential mechanism
of resistance. Patients exhibiting enhanced formation
of melanosomes vesicles respond poorly to therapy
and have shorter survival time (87.88]. These all pre-
clinical and clinical studies demonstrate that melano-
some formation, its trafficking or tyrosinase enzyme
involved in melanin biosynthesis can be targeted for
overcoming resistance and sensitizing the melanoma to
conventional chemotherapeutic agents.
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Nanotechnology for drug delivery

Lack of selectivity for tumor tissue, unfavorable physi-
cochemical property and poor biopharmaceutical
characteristics limit the therapeutic efficacy of che-
motherapeutics. Free drugs circulate throughout the
body and permeate the cell membrane through passive
diffusion. This nonselective distribution and cellular
permeability of anticancer drugs is the primary reason
for dose-limiting toxicity [89.90]. Poor physicochemical
and biopharmaceutical properties of anticancer drugs
present additional challenges in their delivery. Drugs
with low water solubility require cosolvent for their
administration and cause systemic toxicity, whereas
water-soluble drugs are rapidly eliminated through
kidney restricting the plasma residence time for their
partition to tumor.

Nanotechnology has provided a platform to over-
come these challenges and deliver drugs smartly to
tumor [91,92]. Doxil and Abraxane are the two clini-
cally approved nanoproducts of DOX and PTX with
improved biodistribution and safety profiles, respec-
tively. Micelles, nanoparticles, liposomes, dendrimers
and polymer—drug conjugates are the most commonly
used nanoparticles for drug delivery. Drugs loaded
into nanoparticles exhibit altered biodistribution and
pharmacokinetic profiles. Maeda ez 4/. first have shown
macromolecules preferentially accumulate at tumor
site due to the enhanced vascular permeability and
poor lymphatic drainage [93.94]. High molecular weight
polymers (>50 kDa) showed significant accumulation
at 6 h while low molecular weight polymers cleared
rapidly due to rapid diffusion into the blood stream.
Prolonged circulation of nanoparticles improves their
accumulation at the tumor site for local release of drug
and/or uptake of drug-loaded nanoparticles by cancer
cells. To maximize the drug delivery, it is imperative
that drug release rate constant (K ) while nanoparticles
are in the circulation should be miniscule as compared
with distribution rate constant of nanoparticles to
tumor (K ) (Figure 2). Premature release of drugs from
the nanoparticles would nullify the advantage of EPR
effect and biodistribution of nanoparticle-associated
drug would be identical to that of the free drug. How-
ever, drugs associated with the nanoparticles are phar-
macologically inactive and require drug release at the
tumor site to show therapeutic effect. Considering this,
the nanoparticles should be designed to allow effec-
tive accumulation of its payload at the tumor site but
should be released quick enough to maintain the con-
centration of free drug above the IC, values. Broadly,
drugs are either encapsulated within the nanoparticles
or conjugated to a lipid or polymeric nanoparticles. In
the following sections, we would review drug encap-
sulation and conjugation approach in terms of formu-

lation design, interaction between drug and polymer
backbone for enhanced drug loading, drug release and
how the existing information can be utilized to design
smart nanoparticles.

Nanoparticles for drug delivery

Low solubility of anticancer drugs is the major obsta-
cle for systemic therapy. Nanomedicines have been
extensively explored for the delivery of lipophilic
drugs. Hydrophobic core of an amphiphillic polymer
improves solubilization of poorly soluble drugs and has
reduced toxicity compared with solubilization of drug
in cosolvent. Amphiphillic polymers encapsulate the
drug based on noncovalent interactions like hydropho-
bic interaction, n—7 stacking, hydrogen bonding and
ionic interaction. Variety of PEG amphiphilic polyester
and polyamide copolymers like poly(ethylene glycol)-
b-poly- (aspartic acid) (PEG-b-PAA) [95], poly(ethylene
glycol)-b-poly(lactide-  co-glycolic acid) (PEG-b-
PLGA) [96], poly(ethylene glycol)-b-poly(caprolactone)
(PEG-b-PCL) [97] and poly(ethylene glycol)-b-poly(p,L-
lactide) (PEG-b-PDLLA) [98] with biodegradable hydro-
phobic cores have been widely studied for formulation
of poorly soluble drugs as nanoparticles. Key properties
of these nanoparticles such as size, thermodynamic sta-
bility, drug loading and drug release kinetics have also
been well reported [99-102]. These studies have shown
that noncovalent entrapment of drugs into nanopar-
ticles is restricted by the lack of kinetic stability of poly-
mer nanoparticles upon dilution, poor drug loading
and premature release. To improve the nanoparticle sta-
bility and drug loading, copolymers have been modified
to enhance noncovalent interactions like hydrophobic
interaction, -7 stacking, hydrogen bonding and ionic
interaction between polymer and drug [102-104]. In this
section, we would review the different modifications of
the nanoparticle core based on the drug characteristics
and the critical role of drug properties in designing the
core of micelles.

Hydrophobic interaction

Polymer/drug compatibility has been proposed as the
key criteria affecting drug encapsulation within the
core of micelles. Based on polymer/drug compatibil-
ity and thermodynamics, drug solubilization within
micelles has been predicted which correlated well with
the experimental findings [105]. Polymer/drug com-
patibility has been characterized by the Flory—Hug-
gins interaction parameter (¥FH) which accounts
for the forces of interaction between the polymer
and the drug; and low yFH values suggest that the
polymer is thermodynamically a good solvent for the
drug [106,107]. We have previously modified the core
of PEG-PLA to decrease yFH between polymer and
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Figure 2. Nanoparticle-mediated drug delivery. Poor extravasation of nanoparticles across endothelium of
vital organs and enhanced permeability and retention of nanoparticles at tumor site result in preferential
tumor distribution of chemotherapeutics. To harness full potential of nanoparticle-based drug delivery, K,
from nanoparticles should be much smaller as compared with K, preventing premature release of drug from

nanoparticles while in circulation.

EPR: Enhanced permeability and retention; K : Distribution rate constant; K : Release rate constant.

bicalutamide. Introduction of the carbonate mono-
mer within the core enhanced the interaction between
bicalutamide and the core, minimized the yFH result-
ing in improved bicalutamide loading and enhanced
stability [108,109]. Similarly, encapsulation of embelin
was enhanced inside the core of polymeric micelles
by modifying the carbonate core with dodecanol.
Hydrophobic interaction of the long aliphatic chains
of embelin within the core was improved by insertion
of long aliphatic chain dodecanol. Interaction between
the aliphatic chains enhanced the thermodynamic sta-
bility by reducing the critical micellar concentration
(CMCQC) values and slow release of embelin from the
micelle core [110]. Mahmud ez 4/. also reported chemi-
cal tailoring of the core with cholesteryl moieties to
enhance the cholesterol-compatible cucurbitacin I in
the polymeric micelles [111]. Increase in the drug/poly-
mer compatibility also affects the rate of drug release as
higher drug compatibility with the micelle core results
in a considerable decrease in the drug release rate as
evident from the sustained release of Amphotericin B

from fatty acid modified core of PEG-b-poly (amino
acid) [111). Hydrophobic interaction can be critical for
effective solubilization of a drug lacking hydrophilic
groups for other noncovalent interactions and com-
patibility between drug and micelle core should be
evaluated for effective delivery by nanoparticles.

n—m stacking

Interaction between 7 clouds of aromatic rings of
DNA base pairs has been well studied and this ©-n
stacking has been utilized for design of nanoparticles.
Polymeric core has also been designed to facilitate the
n—7 stacking between the core and drug as most of
the poorly soluble drugs contain aromatic rings which
can participate in the 7 stacking and thereby, improve
the stability of polymeric micelles with enhanced drug
loading and sustained release. Kataoka e a/. have
shown that dimers of DOX and DOX interacted with
benzyl residue of poly (ethylene glycol)-poly(beta-ben-
zyl-L-aspartate) block copolymer through n—m stack-
ing. n—m stacking between the anthracycline moiety
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of DOX and benzyl side groups of polymer segment
improved drug loading, exhibited sustained release and
stabilized the micelles upon dilution [112]. Several other
groups also have attributed improved drug loading
and self-assembly of DOX to the presence of aromatic
group in the hydrophobic block of polymers [113,114].
PTX loading of 34% has been reported with aromatic
modification of N-(2 hydroxypropyl) methacrlyamide
(HPMA) based micelles. Conjugation of benzoyl or
naptholyl derivative to HPMA allowed n—7 interac-
tion with PTX which was confirmed by 1H solid-state
NMR spectroscopy. m—m interaction between PTX
and the aromatic core improved the drug retention
within the core as evident from slow release [115].

7—7 interaction also plays a critical role in enhanc-
ing the solubility of drugs by hydrotrophy. Hydro-
tropic molecules are believed to undergo aggregation
by a stacking mechanism of the planar aromatic ring
present in their chemical structures. Lee ez al. designed
amphiphillic polymers grafted with hydrotropic agents
to the hydrophobic block of the copolymer. High local
concentration of hydrotropic agents within the core
allowed m-m stacking and solubilization of poorly
soluble drugs within the core by hydrotrophy. Struc-
tural-activity relationship of 60 hydrotropic agents
confirmed the presence of pyridine and benzene rings
within the hydrotropes is essential for solubilization of
drugs and thereby confirmed the role of n—m interac-
tion in polymer hydrotropes [116]. Moreover, the pres-
ence of aromatic rings within the drug is also essen-
tial for solubility enhancement by hydrotropes which
further confirmed the m—n stacking as the potential
mechanism of the solubilization [117]. These studies
reflect that core of the polymer can be modified to
amplify the m—7 interaction between the drug and the
core for enhanced dynamic stability of nanoparticles,
increased drug loading and sustained release.

Hydrogen bond & ionic interaction

Core of the micelles has been manipulated to improve
the drug loading of weakly acidic and basic drugs.
Micelle core containing carboxylic acid has been exten-
sively reported for encapsulation of anticancer drugs
DOX and cisplatin [95,100,118-120]. lonic interaction
between amino group of DOX (pKa = 8.25) and poly-
mer with carboxylic group resulted in significantly high
drug loading and pH-dependent DOX release. Strong
ionic interaction between cationic drug and polymer
is an enthalipically driven process and the encapsu-
lated drug exhibited stoichiometry proportion of 1:1
to molar concentration of carboxyl group of polymer.
Loading of polymer-bound drug by ionic interaction is
further enhanced by stacking interactions among the
drug molecule [121]. Similarly, Borsali et a/. reported

high loading capacity and pH-dependent drug release
for weakly acidic drugs containing carboxylic func-
tional groups. Core of PEG-poly acrylates was modified
with the amino groups to design micelles with weakly
basic core. Micelles with weakly basic core resulted in
high drug loading of 50% w/w, which reversed upon
esterification of carboxylic groups of these drugs. Role
of the acid—base interaction was further confirmed by
poor loading capacities with nonionic polyester block
copolymers [122]. These studies indicate that weakly
acidic and basic drugs can be effectively encapsulated
at high loading with the modified core of the micelles.

Majority of drugs contain carbonyl groups, hydroxyl
groups and amine group which could act as hydrogen-
bonding sites. Polymers have been designed for hydro-
gen bond interaction between the micelle core and
hydrogen-bonding sites of the drugs. Hamaguchi ez al.
reported enhanced drug loading and stable micelles
of PTX by modification of the polyaspartate block
by 4-phenol-1-butanol. Hydrogen bond interaction
between 4-phenol-1-butanol and PTX significantly
improved the micelles stability followed by sustained
release. This enhanced stability improved the tumor
accumulation by 25-fold as compared with free PTX
and significantly reduced the associated neurotoxicity
further improving the therapeutic profile of PTX [123].
Core of the poly-glutamate was grafted with aliphatic,
aromatic hydrocarbons and polar side chains to evalu-
ate the effect of hydrogen bond on micellar formula-
tion of PTX. Although blank micelles containing
polar groups were thermodynamically less stable, they
showed enhanced drug loading, kinetic stability and
sustained release of PTX. This enhanced stabiliza-
tion is due to the additional stabilization by hydro-
gen bonding interaction between the polar groups
grafted micelle core and the encapsulated PTX [124].
Hydrogen bond interaction has also been utilized to
improve the kinetic stability of micelles. Modification
of the core of micelles with the urea which is known
to associate through bifurcated hydrogen bonds has
been reported [125]. These urea-containing polymers
stabilized micelles by hydrogen bonding Interactions
leading to greater kinetic stability with narrow size dis-
tribution and high cargo loading capacity. These stud-
ies underline the significance of hydrogen bond and
ionic interactions in formulation of kinetically stable
nanoparticles with high drug loading capacity and
sustained release.

Polymer-drug conjugate

Functional groups of certain drugs and their prodrugs
allow covalent conjugation to the polymers for their
formulation into nanoparticles. Molecular weight,
conjugation chemistry and biodegradability are the key
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properties which affect the biodistribution and effi-
cacy of polymer—drug conjugate [126,127]. For efficient
plasma circulation and tumor accumulation, molecu-
lar weight of the polymer—drug conjugate should be
ideally higher than 40 kDa as renal threshold for poly-
mer elimination is approximately 30-40 kDa [123].
However, application of high molecular weight poly-
mer may be limited by nondegradable nature of certain
polymers and a balanced approach is required between
renal elimination and enhanced tumor accumulation
by EPR effect. Stability of polymer—drug conjugate
in the circulation depends upon the covalent chemis-
try as well as molecular architecture of polymer—drug
conjugate [128]. Ester, amide, hydrazone and enzyme-
sensitive linkers have been reported for conjugation of
numerous drugs. This different chemistry has been
utilized to synthesize polymer—drug conjugate which
are stable in plasma but would release the drug at the
tumor site at a desired rate. In general, ester bonds
undergo rapid hydrolysis contributing to poor stabil-
ity in plasma whereas poor hydrolysis of amide bond
restricts the release of drug at the tumor site. To resolve
this, polymer drug linkers have been designed for intra-
cellular or tumor-specific release of the drug. Among
the linkers, tetrapeptide sequence Gly—Phe-Leu-Gly
(GFLGQ) for cleavage by lysosomal proteases (especially
cathepsin B) has been widely studied for intracellu-
lar drug release [129.130]. However, intracellular drug
release from these conjugates is limited by poor cellular
uptake of these hydrophilic polymer—drug conjugate
which is reflected by higher 7% vitro IC, of these conju-
gates [131,132]. An ideal polymer—drug conjugate should
be biodegradable, nonimmunogenic, stable in plasma
and exhibit rapid cell uptake followed by intracellular
enzymatic hydrolysis or extracellular release at desired
rate. In the following section, we would review the dif-
ferent polymers which have been extensively studied
for polymer—drug conjugate.

PEG-drug conjugate

PEGylation of drugs and proteins is well established
and has been extensively used in clinically approved
products. Excellent biocompatibility and end group
chemistry allows efficient conjugation of a drug to
PEG (Figure 3). PEG with COOH, NH,, OH or SH
reactive functional groups has been synthesized to
conjugate drugs and proteins. Covalent conjugation
of PTX, methotrexate (MTX), cisplatin, gemicitabine
and camptothecin leading to the formation of ester,
amide or disulphide bond has been reported. Enzon
has reported the water-soluble PEG-PTX conjugate
of 40 kDa with 4% loading and equivalent iz vivo
toxicity [133]. Renal threshold for clearance of PEG
is approximately 20 kDa and the circulation half-

Nanoparticle-mediated drug delivery for treating melanoma

life of PEG dramatically increases from 18 min to
16.5 h as the molecular weight is increased from 6 to
50 kDa [134]. However, the utilization of high molecu-
lar weight PEG is limited by its nondegradable nature.
To overcome this potential challenge, PEG with het-
erobifunctional reactive groups has been synthesized
to attach PEG to nanoparticles [135,136]. Polyester units
of PEG copolymer increase the molecular weight of
PEG-drug conjugate and are also biodegradable in
nature. Unlike PEG—drug conjugate, PEG polyester
copolymer—drug conjugate are generally amphiphillic
and form nanoparticles.

There are no reported studies to characterize and
quantify kinetics of the cellular uptake of PEG—drug
conjugate. Krtaz et al. have reported the synthesis of
PEG-MTX conjugate of molecular weight ranging
from 750 to 40,000 Da. All the conjugates exhibited
60-200-fold increase in IC, | values despite the similar
inhibitory action on dihydrofolate reductase enzyme in
cell free system [137). This increase in IC, value can
be attributed to either inefficient cellular uptake or
slow hydrolysis of free drug in the cytosol. Hydrolysis
of drug as rate-limiting step can be ruled out as even
rapid release of DOX from PEG-DOX conjugates
with GFLG linker exhibited much higher IC as com-
pared with free drug. These studies confirmed that cel-
lular uptake rather than drug release from PEG—drug
conjugate results in higher IC,; values of PEG—drug
conjugate [138]. Veronese er al. studied poly(ethylene
glycol) PEG-DOX conjugates of linear or branched
architecture of different molecular weight and with dif-
ferent peptidyl linkers (GFLG, GLFG, GLG, GGRR
and RGLG). Rapid hydrolysis of GFLG linker by lyso-
somal enzymes in vitro resulted in approximately 57%
DOX release at 5 h, as compared with the other link-
ers (<16% release at 5 h). Highest molecular weight
PEG had the longest plasma residence time and conse-
quently the greatest tumor targeting with significantly
lower anthracycline levels in heart which highlights the
favorable biodistribution by PEG—drug conjugate [138].
PEG-drug conjugate has been preclinically tested for
numerous anticancer drugs but challenges like limited
capacity for drug conjugation, poor cellular uptake and
nondegradable nature restricted further clinical devel-
opment of PEG—drug conjugate.

HPMA drug conjugate

Application of copolymers of HPMA as drug conjugate
was pioneered by Kopecek and coworkers [139]. Mainly,
HPMA copolymer intermediates for conjugation
are synthesized by free radical polymerization using
HPMA and methacryloylated (MA)-peptidyl-nitro-
phenylester as comonomers (Figure 3). Facile synthesis
of HPMA copolymer allowed incorporation of differ-
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Figure 3. Chemical structure of polymeric backbone used for formulation of polymer-drug conjugate-based
nanoparticles. Polyethylene glycol and N-(2 hydroxypropyl) methacrlyamide are nonbiodegradable. Polyglutamic

acid contains degradable amide bond.

ent functionalities with precise control of molecular
weight and composition. HPMA polymer backbone
is nondegradable limiting the molecular weight of
polymer—drug conjugate below 40,000 kDa to ensure
eventual renal elimination. HPMA copolymer-GFLG-
DOX conjugate has been extensively studied clini-
cally. HPMA-DOX conjugate demonstrated enhanced
blood levels of DOX with four- to fivefold increase in
the maximum tolerated dose [140]. By contrast, HPMA
conjugates of PTX and camptothecin did not show sig-
nificant improvement from parent molecules. This was
attributed to poor plasma stability of ester conjugation
of drugs to polymeric backbone which highlights the
importance of optimization of conjugation chemis-
try [141,142]. Etrych ez al. reported synthesis of HPMA-
PTX conjugate through pH-sensitive hydrazone
bond [143]. HPMA-PTX conjugate through hydrazone
bond showed enhanced plasma stability with drug
release at mild acidic conditions (pH = 5). However,
further clinical translation of HPMA—drug conjugate
is limited by rapid renal elimination with 50-75%
elimination over 24 h [140]. To use high molecular
weight HPMA—drug conjugate, Yang et al. reported
synthesis of high molecular weight HPMA-drug
conjugate which contained enzymatically degradable
bonds in the polymer backbone. This high molecular

weight multiblock HPMA copolymer with enzymati-
cally degradable linker between HPMA blocks with
molecular weight distributions below the renal thresh-
old were reported for delivery of gemcitabine [144].
Increase in molecular weight of the second-generation
enzyme degradable HPMA—drug conjugates resulted
in distinct advantages as improved pharmacokinetics
(three- to five-times half-life compared with the first
generation), and dramatically enhanced tumor inhibi-
tion [145]. Future clinical translation of HPMA-drug
conjugate would depend upon synthesis of second-
generation long-circulating HPMA~drug conjugates
and selective release of drug at the tumor site.

Polyglutamate-drug conjugate

Polyglutamate (PG) is composed of degradable amide
bond unlike nondegradable carbon-carbon backbone
of PEG and HPMA. PG is generated from hydrolytic
removal of benzyl group of poly (y- benzyl -L- gluta-
mate) and carboxyl group of pendantfree PG is uti-
lized for drug conjugation (Figure 3). PG-drug conju-
gates are water soluble and acquire o helix or random
coil structure depending upon the pH of the surround-
ing media. PG is stable in plasma and long circulation
time allows accumulation at tumors. PG like other
macromolecules is extensively secreted by kidney and
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follows the renal threshold cut off for water-soluble
polymers [146]. PG is not recognized by RES system
and does not require PEG for stealth effect. However,
high molecular weight PG has been shown to acti-
vate the fibrinolytic system and week immunogenic
response depending when the PG—drug conjugates are
administered [147]. Li ez a/. have done extensive work
on PG—drug conjugates and extensively characterized
PG—drug conjugate of numerous drugs [148].

PG-anthracycline conjugates have been reported
using ester, amide, peptide and hydrazone linkers [149-
151]. All of the PG conjugates have higher in vitro cyto-
toxicity compared with the free drug. This is actributed
to the slow release of the free drug from PG-DOX
conjugate. Preclinical data have shown that the con-
jugate with oligopeptide spacer were active, whereas
conjugates without degradable spacers were completely
inactive. Increase in the rate of DOX release with
increase in the length of spacer improved in vitro and
in vivo anticancer effect of PG-DOX conjugate [152].
Water-soluble PG-PTX conjugate was also synthe-
sized through ester linkage of 2’ hydroxyl group of
PTX. PG-PTX conjugate exhibited remarkable high
loading of 37% and stability in plasma due to molecu-
lar architecture. Cellular uptake of radiolabeled PTX
and PG backbone suggested that PTX is hydrolyzed
extracellularly which was taken up by cells (131]. PG-
PTX exhibited excellent efficacy in different cancer
models as PG-PTX compared with free PTX exhibited
enhanced circulation half-life and released the drug in
the vicinity of tumor [153]. PG-PTX has shown excel-
lent safety with equipotent efficacy in variety of cancer
in Phase III trials and highlights the future potential of
PG—drug conjugate-based nanoparticles.

Nanoparticles for PDT & detection

PDT is an exciting detection and treatment modal-
ity for melanoma. PDT is based on the excitation of
photosensitizer at a specific wavelength of light after
preferential tumor accumulation of photosensitizer.
Nanoparticles for PDT can be designed for metasta-
sis detection, destruction of bulk tumor and CSCs, for
photoimmunothrepay and for improving drug deliv-
ery at both tumor and cellular level. Galanzha et al.
reported a novel diagnostic and therapeutic platform
with gold carbon nanotubes. Noninvasive 77 vivo detec-
tion and treatment of metastatic melanoma at single cell
level was achieved after administration of gold carbon
nanotubes by using a combination of PA imaging and
photothermal (PT) therapy [14]. Nanoparticles labeled
with CSC markers allowed detection and ablation of
CSCs by multifunctional PAFC/PTFC nanoparticle-
based platform. CD44 labeled gold carbon nanotubes

enabled ultrasensitive detection of CSCs in vivo [154].

Nanoparticle-mediated drug delivery for treating melanoma

PT with antibody-labeled nanoparticles selectively tar-
geted and eradicated CSCs [155.156]. These studies high-
light the immense potential of nanotechnology-based
PDT in detection and treatment of CTC and CSCs.

Destruction of primary tumor lesion with modu-
lation of immunity against the tumor antigen is
potential therapeutic option against metastatic mela-
noma [157158]. Photoimmunotherapy, combination
of PDT and immunomodulation using adjuvant has
demonstrated significant benefits in late-stage meta-
static melanoma [159.160]. PDT with indocyanine
green (ICG) followed by local application of immu-
nostimulant imiquimod resulted in beneficial systemic
response against metastatic melanoma [159.160]. To fur-
ther improve tumor selective delivery of both immu-
nostimulant and photodynamic agents, nanoparticles
have been formulated [161]. Bear et /. demonstrated
PDT with gold nanoparticles in combination with
adoptive T-cell transfer prevented primary tumor
recurrence postablation, inhibited tumor growth
at distant sites and abrogated the outgrowth of lung
metastases [162]. Also, nanoparticles codelivering pho-
todynamic agent and immunostimulant exhibited
excellent anticancer effect against primary treated and
distant untreated tumors. Chitosan-coating around
hollow CuS nanoparticles allowed incorporation of the
immunoadjuvants containing the cytosine-guanine
(CpG) motifs. NIR irradiation triggered disintegration
of CuS nanoparticles, allowing the complexation of
chitosan and CpG motifs. Nanocomplexation of CpG
motifs enhanced their tumor retention and uptake by
plasmacytoid dendritic cells [161].

High tumor interstitial pressure and inefficient EPR
effect can restrict the drug delivery by nanoparticles.
PDT has been shown to improve the nanoparticle-
mediated drug delivery by reducing interstitial pres-
sure and enhancing tumor vessel permeability. PDT
resulted in ~2.5-fold higher tumor uptake at 3 h after
administration of liposomal DOX by enlarging the
endothelial gap of tumor vessels [163]. PDT selectively
enhances tumor accumulation of nanoparticle-medi-
ated chemotherapy as intratumoral accumulation of
free DOX after PDT did not change. Tumor vessel
targeted delivery of photosensitizer was achieved by
arginine—glycine—aspartic acid (RGD)-modified fer-
ritin. Ferritin encapsulating photosensitizer hexadeca-
fluoro zinc phthalocyanine located to the endothelium
of neoplastic vessels via RGD-integrin interactions.
Photoradiation of tumor vessel located photosensi-
tizer increased the vascular permeability of albumin,
quantum dots and iron oxide nanoparticles by as much
as 20-fold with no adverse effects to normal tissues.
Enhanced tumor permeability by PDT improved the
therapeutic efficacy of liposomal DOX by 75.3% high-
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lighting the potential of PDT in improving the delivery
of chemotherapeutics by nanoparticles [164].

Photochemical internilzation (PCI) was estab-
lished at Norwegian Radium Hospital for cytosolic
delivery of therapeutic agents entrapped in endocytic
vesicles [165]. PCI has been extensively studied for cyto-
solic delivery of toxins, oligonucleotides, weakly basic
drugs like DOX and cisplatin and can be therapeu-
tically exploited for overcoming resistance by efflux
transporters as well as intracellular sequesterization of
drugs [166-168]. Light-mediated activation of endocy-
tosed amphiphillic photosensitizer generates reactive
oxygen species which damage membrane of endocytic
vesicles and thereby lead to cytosolic delivery of thera-
peutic agent. Nanoparticles encapsulating phthalocya-
nine upon radiation exhibited PCI properties and facil-
itated DOX release from the endo-lysosomes to nuclei.
This increase in intracellular concentration of DOX
resulted in significant reduction in tumor volume [169].
Nanoparticles of weakly basic drugs, oligonucleotides
and toxin are excellent candidates for combination
therapy with PCI as they accumulate in endolyso-
somes compartment after cellular uptake [170.171].
PCl-mediated cytosolic delivery of immunotoxins
saporin and gelonin have been studied in a melanoma
xenograft model [167.172]. PCI improved the anticancer
response effect of immunotoxins and complete regres-
sion was observed in 33% of tumor-bearing mice [167].
All these studies highlight the multifold potential of
PDT and can be combined with chemo and immuno-
therapy for metastasis detection, destruction of bulk
tumor and CSCs and for improving drug delivery in
melanoma.

Active targeting of nanoparticles to
melanoma

Passive targeting by EPR effect of nanoparticles
improves tumor accumulation but does not enhance
the cellular uptake and depends upon the convec-
tive transport of nanoparticles against high intersti-
tial pressure [173]. To further improve the therapeutic
efficacy of nanoparticles, interaction between recep-
tor and ligands has been exploited for active target-
ing of nanoparticles [174]. Peptides, antibodies, small
molecules and aptamers have been extensively studied
to accomplish active targeting of nanoparticles [175].
Nanoparticles for active targeting against tumor vas-
culature, stromal microenvironments and cell surface
receptors have been investigated in preclinical models
of melanoma.

Endothelial cells of tumor neovasculature overex-
press o B, integrin receptor in comparison to low or
negligible expression by normal vasculature [176]. o 3,
integrin receptor not only promotes angiogenesis but

also supports melanoma growth, adhesive, invasive
and migratory properties of the melanoma tumor
cells (177). Tripeptide motif RGD, cell adhesion pep-
tide sequence in ECM proteins and its derivatives have
been extensively studied for design of o3, targeted
nanoparticles [178]. Benzera et al. reported significant
increase in tumor-to-blood residence time ratios, and
tumor-selective accumulation with cyclic RGD pep-
tide ligands modified silica nanoparticles in melanoma
xenograft mouse model [179]. Surface modification of
DOX-loaded nanoparticles with DI17E6, a humanized
monoclonal antibody against o, -integrins enhanced
the integrin receptor specific cellular uptake in mela-
noma M21 cell line. Targeted nanoparticle reduced
the integrin-mediated attachment of cells to ECM pro-
teins with enhanced cell cytotoxicity. Enhanced alpha
integrin mediated uptake of DOX-loaded nanoparti-
cles significantly reduced the IC, from 55 to 8 nm in
integrin-positive melanoma cell line [180].

Progression of melanoma is associated with stro-
mal changes contributing to uncontrolled growth
and invasive behavior of melanocytes. These charac-
teristic stromal changes have been exploited to target
nanoparticles to tumor stroma. Secreted protein acidic
and rich in cysteine (SPARC) a nonstructural matri-
cellular protein has been well studied in the tumori-
genicity and progression of melanoma [181-183]. Peptide
sequence with high affinity and specificity for SPARC
protein has been identified by phage display. SPARC
targeting peptide modified nanoparticles exhibited
high affinity with negligible binding in negative cell
lines. Targeting of nanoparticles to SPARC did not
alter their blood clearance but there was a 45-fold
increase in tumor accumulation of SPARC-targeted
nanoparticles as compared with the control group.
Moreover, SPARC-labeled proteins allowed detec-
tion of metastatic growth in addition to primary
tumors [184]. Albumin also exhibits SPARC-binding
properties and enhances the tumor accumulation of
albumin nanoparticles [185-187]. Albumin-bound PTX
nanoparticles (nabPTX) exhibited enhanced response
in SPARC overexpressing xenograft in comparison to
wild-type PC3 tumor xenograft [186]. However, these
results are largely correlative with a small sample size.
Also, there are studies which demonstrated SPARC
expression independent efficacy with nabPTX [188-190].
Tumor stroma also contains a mesh network of
fibrin and fibronectin. Pentapetide CREKA has been
reported to bind to this mesh-like network and further
enhances the formation of clot-like mesh at the tar-
get site. CREKA labeled nanoparticles and liposomes
showed enhanced accumulation in tumor vessels with
induction of additional localized clotting and thereby
producing new binding sites for more particles. This
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clotting-based amplification greatly enhanced tumor
imaging with envision of the design of drug-carrying
self-targeting nanoparticles [191].

Cancer cells overexpress receptors for cellular uptake
of essential nutrients to meet their high proliferation
rate. Transferrin receptor, a type Il transmembrane
glycoprotein is overexpressed by cancer cells to meet
growing demands of iron [192]. Targeting overexpres-
sion of transferrin receptor with its ligand, transfer-
rin has been extensively studied for targeted deliv-
ery of nanoparticles [192]. Davis et al. reported the
first-in-human clinical trial with transferrin-targeted
nanoparticles [193]. Targeted nanoparticles exhibited
dose-dependent localization within transferrin-pos-
itive melanoma tissue with little localization in the
adjacent epidermis. Intracellular delivery of nanopar-
ticles was observed only in the transferrin-targeted
nanoparticles which highlights the need of targeted
nanoparticles for intracellular delivery [194,195). Altered
glycosylation patterns are a hallmark of the malignant
growth. Proliferation of cancer cells is associated with
enhanced sialylation of N-linked glycans and this
altered glycosylation enabled the design of sialic acid
targeted nanoparticles [196,197]. Phenylboronic acid
(PBA) reversibly binds with 1,2- or 1.3-diols, which
are major constituent of glycan. PBA—sugar com-
plexes are unstable at plasma pH, however PBA forms
extremely stable complex with sialic acid at physiologi-
cal pH [198]. This tumor sialic acid recognition at phys-
iological pH with controlled pK of PBA, have been
studied as a molecular basis for the design of targeted
nanoparticles. Deshayes ez al. reported the design of
PBA-modified nanoparticles for enhanced delivery to
melanoma [199]. PBA-targeted nanoparticles exhibited
higher tumor accumulation level indicating interaction
of PBA-targeted nanoparticles with the sialic acid moi-
eties on the surface of cancer cells improved the reten-
tion of nanoparticles at the tumor site. PBA-targeted
nanoparticles demonstrated improved efficacy as com-
pared with nontargeted nanoparticles correlating with
their enhanced accumulation in tumors.

Progression of melanoma is associated with expres-
sion of high levels of the melanocortin type-1 receptor
(MCIR) making it one of the melanoma-specific tar-
gets for highly sensitive detection and therapy of meta-
static melanoma [200]. a-MSH, a tridecapeptide and
its derivatives have been investigated for melanoma-
specific targeting [201]. Conjugation of MSH derivative
as targeting moiety significantly reduced the tumor
burden upon PDT with gold nanoparticles. Receptor-
mediated uptake of targeted nanoparticles resulting
into the enhanced tumor nanoparticle levels caused
significantly greater necrotic response than nontar-
geted nanoparticles. Targeting improved the nanopar-
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ticle distribution within the tumor matrix as suggested
by their presence at more than 200 wm away from the
nearest blood vessels whereas nontargeted were scat-
tered only adjacent to tumor vasculature. Enhanced
retention and uptake was confirmed by colocalization
of targeted nanoparticles and MCIR [202]. Similarly,
targeting MCIR raised the sensitivity and specificity
of PA imaging with gold nanocages by 300%. Inter-
action between MCIR and targeting ligand enhanced
nanoparticle per tumor mass by 360% highlighting
that targeted systems can detect eatly-stage melanomas
metastatic lymph nodes, and can be potentially used
to treat the melanomas [203]. Besides MCIR, chon-
droitin sulphate proteoglycan 4 (CSPG4) is a highly
specific marker of the nevomelanocyte lineage and has
been utilized for targeting melanoma. Epl monoclo-
nal antibody to the human melanoma-specific anti-
gen CSPG4 targeted nanoparticles showed a 25-fold
preference for melanoma as compared with nontarget
cells. Selectivity for melanoma was also confirmed in
xenograft models where targeted nanoparticles signifi-
cantly inhibited growth of melanoma xenograft with
little effect in breast carcinoma xenograft [204]. These
all studies highlight the potential of active targeting
to improve the outcome of nanoparticle-based therapy.
However, tumor heterogeneity and translation of pre-
clinical xenograft data to human tumor are the major

roadblocks.

Conclusion

Numerous anticancer drugs have been discovered
through advancement in the molecular biology and
drug discovery. All these anticancer drugs exhibit
excellent efficacy in petri dishes but fail during trans-
lation to clinic. BRAF and MEK inhibitors show
remarkable response in initial therapy but resistance
develops invariably. Moreover, nonspecific distri-
bution of BRAF inhibitors leads to malignant and
benign growth including squamous cell carcinomas
and other severe dermatological side effects [205:206].
Combination therapy to overcome the potential resis-
tance mechanism is the way forward for preventing
the relapse. However, unfavorable physicochemical
properties and pharmacokinetic profiles limit the
clinical application of conventional chemothera-
peutics as combination therapy. Nanoparticle-based
formulation approach to minimize peripheral expo-
sure and to maximize tumor accumulation can be
exploited to overcome these potential roadblocks.
Significant progress has been made since the idea
of polymer-based delivery was first conceived [207].
Active targeting strategies using stimuli sensitive and
receptor-targeted nanoparticles have been devised
to further augment the application of nanoparticle-
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based delivery of chemotherapeutics. Despite of all
these efforts, there are limited numbers of approved
nanoparticle-based products.

Future perspective

Clinical translation of nanoparticulate drug delivery
systems is limited by their kinetic instablility, rapid
uptake by the RES and failure to scale-up at commer-
cial setting. A concerted effort between drug discov-
ery and formulation scientists will help in selecting
lead drug candidates which can be effectively loaded
into the nanoparticles with sustained drug release.
Additional data on their biodistribution and pharma-
cokinetic profiles in larger animal models are needed
to fully understand the pros and cons of nanopar-
ticle therapeutics. Canine and swine with similar
anatomic and physiological characteristics to human
should be used to study the nanoparticle-based drug
delivery in metastatic melanoma [208.209]. Addition-
ally, successful scale-up of nanoparticle formulation
with batch-to-batch content uniformity, absence of

residual organic solvent and surfactants will ensure
their quick approval from regulatory agencies. Thus,
the priority is to scale-up the existing nanoparticle-
based formulations to establish their safety and
pharmacokinetic profiles in human subjects. Finally,
combination therapy of chemotherapeutics, photody-
namic agents, antigens and immunoadjuvants will be
a potential avenue for the treatment and detection of
melanoma.
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Executive summary

loading and sustained release of drugs.

cellular level.

e Metastatic melanoma is highly aggressive skin cancer with 5-year survival rate of around of 10%.

e Resistance develops invariably to current treatment options and tubulin-binding agents promise to be
potential chemotherapeutic agent in combination therapy for treatment of metastatic melanoma.

e Tumor initiating cells, altered expression of class Ill B-tubulin and inefficient intracellular accumulation of
drugs often lead to resistance and relapse of metastatic melanoma.

e To maximize tumor distribution through enhanced permeability and retention effect and reduce dose-limiting
toxicity, micelles, nanoparticles and polymer—drug conjugates have been designed.

e Nanoparticles designed to enhance noncovalent interactions like hydrophobic interaction, n—n stacking,
hydrogen and ionic interaction between micelle core and drug molecules improved kinetic stability, high drug

e Molecular weight, conjugation chemistry and biodegradability are the key properties which affect the
biodistribution and efficacy of polymer-drug conjugate.

e Nanoparticle-based photodynamic therapy can be designed for metastasis detection, destruction of bulk
tumor and cancer stem cells, for photoimmunotherapy and for improving drug delivery at both tumor and

e Interaction between receptor and ligands has been exploited to enhance the endocytosis-mediated cellular
uptake of nanoparticles and increase the intracellular concentration of drugs.
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